Abstract The regions of the genome that interact frequently with the nucleolus have been termed nucleolar-associated domains (NADs). Deep sequencing and DNA-fluorescence in situ hybridization (FISH) experiments have revealed that these domains are enriched for repetitive elements, regions of the inactive X chromosome (Xi), and several RNA polymerase III-transcribed genes. NADs are often marked by chromatin modifications characteristic of heterochromatin, including H3K27me3, H3K9me3, and H4K20me3, and artificial targeting of genes to this area is correlated with reduced expression. It has therefore been hypothesized that NAD localization to the nucleolar periphery contributes to the establishment and/or maintenance of heterochromatic silencing. Recently published studies from several multicellular eukaryotes have begun to reveal the trans-acting factors involved in NAD localization, including the insulator protein CCCTCbinding factor (CTCF), chromatin assembly factor (CAF)-1 subunit p150, several nucleolar proteins, and two long noncoding RNAs (lncRNAs). The mechanisms by which these factors coordinate with one another in regulating NAD localization and/or silencing are still unknown. This review will summarize recently published studies, discuss where additional research is required, and speculate about the mechanistic and functional implications of genome organization around the nucleolus.
Introduction: the nucleolus
The nucleolus was first described by Wagner (1835) and Valentin (1836) through light microscopy observations, highlighting the prominence of the nucleolus as a subnuclear body visible under crude light microscopy conditions (Wagner 1835; Valentin 1836 Valentin , 1839 . In the early 1930s, Heitz and McClintock independently discovered that the nucleoli are organized around specific genomic loci, which were later termed nucleolus organizer regions (NORs) (Heitz 1931; McClintock 1934 ). An explosion of discoveries was made in the mid 1960s, culminating in the landmark discovery that nucleoli are the sites of ribosomal biogenesis (reviewed in (Pederson 2011) ). In addition to its primary role as the site of ribosomal transcription and maturation, the nucleolus hosts many other biological processes, including replication of various viruses (Li 1997; Boyne and Whitehouse 2006; Sonntag et al. 2010) , signal recognition particle biosynthesis (Jacobson and Pederson 1998; Pederson and Politz 2000; Politz et al. 2000; Ciufo and Brown 2000; Grosshans et al. 2001) , sequestration of cell cycle regulators such as p53 and mdm2 (Weber et al. 1999) , and sequestration of the transcription factor Hand1 prior to stem cell differentiation (Martindill et al. 2007) . This review will focus on how the periphery of the nucleolus contacts particular regions of the genome and will outline what is known about the functionality of these interactions.
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Organization of the genome via association with specific sub-nuclear regions Lamina-associated domains With the advent of high-throughput sequencing, scientists have devised several genome-scale methods to test whether nuclear structures associate with the genome in a random or non-random manner. One important method, termed DNA adenine methyltransferase identification (Dam-ID), was developed by Bas van Steensel and Steven Henikoff (van Steensel and Henikoff 2000) . Dam-ID involves the fusion of selected proteins with Escherichia coli Dam, followed by isolation and deep sequencing-based identification of DNA containing methylated adenine. Eukaryotes lack adenine methylation; therefore, genome-scale mapping of this orthologous mark reveals genomic loci that were in close proximity to the fused protein of interest. Studies in a Drosophila melanogaster embryonic cell line (Pickersgill et al. 2006 ) and human fibroblasts (Guelen et al. 2008) fused B-type lamins with Dam to detect peripherally localized genomic regions, which were termed lamina-associated domains (LADs). LADs tend to be gene-poor and enriched for heterochromatic silencing marks such as H3K9me2 (Kind et al. 2013) . Mouse and human genomes contain up to 1400 LADs encompassing approximately 40 % of the genome, ranging in size from 40 kb to over 30 Mb (Peric-Hupkes et al. 2010; Kind and van Steensel 2010) .
The mechanisms that govern tethering of LADs to the nuclear periphery are still largely unclear, but recent studies suggest this tethering may be crucial in regulating the transcriptional status of the LADs. This was tested by using a LacO array proximal to a reporter gene and expressing a LacI fused to a protein which directly interacts with the inner nuclear membrane, such as EMD or Lap2β (Finlan et al. 2008; Reddy et al. 2008; Dialynas et al. 2010) . In these experiments, targeting various reporter genes to the nuclear lamina (NL) resulted in decreased reporter expression. Likewise, in a comparison of LADs in mouse embryonic stem cells (ESCs) and neural precursor cells (NPCs), an increase in NL association was correlated with a decrease in expression level. Conversely, gene ontology (GO) analysis revealed that~20 % of the genes that featured decreased association with the NL during ESC→NPC differentiation were required for neural physiology. These neural physiology genes generally displayed increased expression during neural differentiation, suggesting that release from the NL is an important step during the induction of lineage-specific gene expression (Peric-Hupkes et al. 2010) . In summation, these studies suggest that positioning of LADs at the NL is an important method for physically and functionally compartmentalizing eukaryotic genomes.
Nucleolar-associated domains
In 2010, two independent studies isolated and sequenced the genomic DNA associated with purified nucleoli (van Koningsbruggen et al. 2010; Németh et al. 2010 ). Both studies found that these nucleolar-associated domains (NADs) are relatively gene-poor compared to the rest of the genome and are highly enriched for satellite DNA repeats. Additionally, both studies also found enrichment for specific types of genes including those coding for the 5S rRNA, immunoglobulins, olfactory receptors, and zinc-finger proteins. These gene classes often exist as multigene arrays; however, it remains unknown to what extent primary sequences contribute to perinucleolar localization (see BConcluding remarks^below).
Along with these similarities in the two NAD datasets, there are several notable differences that may be attributable to the different cell types or experimental procedures used (notably, the use of crosslinking). The Längst group isolated nucleoli from formaldehyde-crosslinked HeLa cells and observed that NADs were significantly enriched for tRNA genes, which are transcribed by RNA polymerase III (Németh et al. 2010 ). This finding is compatible with previous observations that RNA polymerase III is especially active around the nucleolar periphery (Matera et al. 1995; Thompson et al. 2003; Haeusler and Engelke 2006) . The Lamond group analyzed NADs in non-crosslinked HT-1080 fibrosarcoma cells and emphasized that the majority of the NAD peaks overlap with previously published LADs (van Koningsbruggen et al. 2010) . To explore this overlap, the Lamond group photoactivated a GFP-tagged histone around the periphery of the nucleolus and then tracked the localization of that chromatin through the cell cycle. It was found that after mitosis, the photoactivated chromatin could localize to either the perinucleolar (PN) region or the NL, indicating that the PN and the NL may be interchangeable addresses for some loci. These data are consistent with other studies which found that LADs often relocalize to the PN region after mitosis (Kind et al. 2013) . LADs can also redistribute to either the PN or pericentromeric (PC) heterochromatin regions upon a short treatment with actinomycin D at a dose that selectively inhibits RNA polymerase I (Ragoczy et al. 2015) . However, the transcriptional activity of the relocalized loci was not altered during this treatment, suggesting that the PN and NL serve as dynamic, functionally overlapping regions for genome organization and silencing (reviewed in (Padeken and Heun 2014) ).
The perinucleolar compartment of cancer cells
The HeLa and HT-1080 cells used by the Lamond and Längst laboratories (van Koningsbruggen et al. 2010; Németh et al. 2010 ) both contain a cancer-specific sub-nuclear structure known as the perinucleolar compartment (PNC) (Norton et al. 2008 ). The PNC is localized on a portion of the nucleolar surface (Huang et al. 1997 ) and thus may copurify with nucleoli. This suggests that some of the NADs described in the previous section may be cancer cell-specific. The presence of the PNC is correlated with metastasis and inversely correlated with patient survival and relapse (Kamath et al. 2005 ). The PNC is enriched in proteins that regulate the splicing and polyadenylation of RNA polymerase II transcripts (Ghetti et al. 1992; Matera et al. 1995; Timchenko et al. 1996; Hall et al. 2004 ). This compartment also contains specific RNA polymerase III transcripts, including RNases P, MRP, Y RNAs (Matera et al. 1995) , Alu RNAs, and signal recognition particle RNA (Wang et al. 2003) . These RNA species are not actively transcribed within the PNC (Matera et al. 1995; Wang et al. 2003) , and the compartment is devoid of most RNA polymerase III transcripts, notably tRNAs (Matera et al. 1995) . The function of the PNC is still unknown but is of great interest to the field of cancer biology (reviewed in (Pollock and Huang 2010) ). In the interest of space, the remainder of this review will focus on NAD associations which occur in both primary and cancer cells.
NAD function: PN localization linked to heterochromatin silencing
The inactive X chromosome In 1949, Barr and Bertram described a Bnucleolar satelliteŵ hich protruded from the nucleolus of female cat motor neurons (Barr and Bertram 1949) . This structure was later identified as the inactive X chromosome. During embryonic development of female mammalian cells, one of the X chromosomes is silenced in order to provide dosage compensation, ensuring that female cells with two X chromosomes do not overexpress X-linked genes (Lyon 1961) . During gastrulation and after most of the DNA methylation imprints from the parents are erased, the two X chromosomes pair and each chromosome is randomly assigned to become active (Xa) or inactive (Xi). The designated Xi then transcribes a long noncoding RNA (lncRNA) known as Xist (Brown et al. 1991) , which spreads across the Xi in cis (Clemson et al. 1996) . Xist recruits polycomb repressive complexes 1 and 2 (PRC1 and PRC2), which induce methylation of histone H3 lysine 27 and silence the transcriptional activity of most of the genes on the Xi ( (Plath et al. 2003; Plath et al. 2004 ); reviewed in (Lucchesi et al. 2005; Thorvaldsen et al. 2006; Lee 2012) ). Thus, X inactivation is a prominent example of gene regulation via alteration of chromatin state.
Several studies have shown that the Xi can associate with either the NL or PN regions of the nucleus (Barton et al. 1965; Bourgeois et al. 1985) . A study by the Lee laboratory found that Xi association with nucleoli is most prevalent during midlate S-phase of the cell cycle (Zhang et al. 2007 ). This study also showed that the interaction is dependent upon the X inactivation center (Xic), the region encoding the Xist locus, because autosomes bearing Xic translocations also preferentially associate with nucleoli. Conversely, deletion of Xist reduces nucleolar association, H3K27 methylation, and derepression of Xic-proximal genes in some cell lines analyzed. This PN localization occurs during mid-late S-phase when heterochromatin is replicated, suggesting that replication in the PN region helps to maintain the silent state of the Xi. Additional tools to perturb Xi-nucleolar associations without having to delete central silencing factors such as Xist will be important to further test this hypothesis. However, it seems likely that the Xi-PN association by itself is not essential for maintaining the bulk of Xi silencing, consistent with previous observations of a large degree of functional overlap between Xist and other factors (Csankovszki et al. 2001 ).
The 5S rDNA
Eukaryotic ribosomes are comprised of large (60S) and small (40S) subunits. The major RNA species found in mature ribosomes (28S, 18S, and 5.8S rRNA) are encoded within the 47S rRNA primary transcripts that are produced from repeated templates on the short arms of the five acrocentric chromosomes in humans (reviewed in (Boisvert et al. 2007; Sirri et al. 2008; Németh and Längst 2011) ). An additional rRNA species is encoded by an array of approximately 100 RNA polymerase III-transcribed 5S rDNA genes located on chromosome 1 (Steffensen et al. 1974; Stults et al. 2008 ). As noted above, several studies have found that RNA polymerase IIItranscribed genes, including the 5S rDNA, are enriched in the PN region in a variety of different species and cell types (Matera et al. 1995; Thompson et al. 2003; van Koningsbruggen et al. 2010; Németh et al. 2010) . The 5S nucleolar association in humans was described in HeLa cells, but its localization was noted as being outside of the PNC region (Matera et al. 1995) . One possible rationale for the close proximity of the 5S array to nucleoli would be to increase the efficiency of ribosome assembly (Haeusler and Engelke 2006) . However, a study by the Magnuson lab suggests instead that nucleolar localization of 5S rDNA repeats may facilitate transcriptional silencing. In this study, the 119-bp 5S rDNA and a reporter gene were randomly inserted into the genome of mouse ES cells, and these transgenes frequently associated with nucleoli. This association was correlated with reduced reporter gene expression and increased H3K9me3 enrichment. Furthermore, endogenous mouse 5S pseudogenes, which maintain internal RNA polymerase III transcription factor-binding sites but do not produce a functional transcript, also frequently associate with the PN region. ChIP-qPCR analysis demonstrated that many of these pseudogenes feature low RNA polymerase III transcription factor occupancy, suggesting that the 5S rDNA sequence and not the RNA polymerase III transcription machinery is responsible for PN localization (Fedoriw et al. 2012a ). The cis-acting sequences and trans-acting factors required for these types of higher-order genome interactions are of major interest, and specific examples related to nucleoli are discussed below (Table 1) .
Protein regulators of PN structure and function
Tethering of NADs to the PN region is now known to require several trans-acting factors, which presumably directly or indirectly bind to NAD DNA. These NAD-bound factors must either interact with the ribosomal DNA of the nucleolus or with nucleolar proteins in order to facilitate nucleolar localization. The following sections will briefly introduce the protein and RNA factors thus far discovered to be involved in NAD localization.
CTCF
The CCCTC-binding factor (CTCF) is a DNA-binding protein with between 55,000-65,000 sites of enrichment throughout the human genome (Chen et al. 2012) . CTCF is particularly enriched on insulator elements (Kim et al. 2007; Song et al. 2011; DeMare et al. 2013) , which block interaction between promoters and enhancers. Importantly, CTCF regulates the three-dimensional interaction of these regulatory elements with distal promoters, thereby regulating transcription (Sanyal et al. 2012; Shen et al. 2012) . Insulator occupancy by CTCF is cell-type specific (Barski et al. 2007; Kim et al. 2007; Chen et al. 2008; Cuddapah et al. 2009; Shen et al. 2012) , suggesting that CTCF contributes to regulatory networks responsible for changes in cell lineage-specific nuclear architecture. One study in human leukemia cells showed that CTCF-binding sites within an exogenous insulator conferred a higher propensity to associate with nucleoli. This study further showed that CTCF interacts with the nucleolar protein nucleophosmin (NPM1/B23) and that NPM1 enrichment on the exogenous insulator was dependent on the presence of CTCF-binding sites (Yusufzai et al. 2004 ). One plausible model to explain this tethering would be that CTCF links insulator elements to the nucleoli via interaction with the nucleolar protein NPM1. Later sections in this review will discuss the role of CTCF in regulating the nucleolar localization of clustered centromeres and the Xi.
The nucleophosmin homolog NLP and the nucleolin homolog modulo Nucleolin (NCL/C23) is a multifunctional protein that primarily localizes to the nucleolus (Bugler et al. 1982) , interacts with snoRNAs (Sáez-Vasquez et al. 2004) , regulates the folding and assembly of ribosomes (Ginisty et al. 1998) , and regulates 47S rDNA transcription (Roger et al. 2002; Rickards et al. 2007) . NPM1 is also a multifunctional nucleolar protein (Michalik et al. 1981 ) that interacts with several ribosomal proteins (Yu et al. 2006; Lindström and Zhang 2008) and has multiple roles in nucleolar biology including acting as a pre-rRNA endoribonuclease (Herrera et al. 1995; Savkur and Olson 1998) (Padeken et al. 2013) Xi (M. musculus) (Yang et al. 2015) NLP (NCL) Nucleolar fibrillar centers (Lischwe et al. 1981; Spector et al. 1984 ) Nucleolar dense fibrillar component (Spector et al. 1984; Escande et al. 1985 ) Nucleolar granular component (Escande et al. 1985) Clustered centromeres (D. melanogaster) (Padeken et al. 2013) Modulo (NPM1) Nucleolar granular component (Spector et al. 1984) Clustered centromeres (D. melanogaster) (Padeken et al. 2013) CAF-1 p150 DNA damage foci (Martini et al. 1998 ; Green and Almouzni 2003) Heterochromatin (Murzina et al. 1999 ) Perinucleolar region (Smith et al. 2014) Replication foci (Krude 1995) 5S rDNA (H. sapiens) (Smith et al. 2014 Firre 6 gene-containing loci (Firre, Slc25a12, Ypel4, Eef1a1, Atf, Ppp1r10), and 34 non-gene loci (Hacisuleyman et al. 2014) Xi (M. musculus) (Yang et al. 2015) and facilitating 40S and 60S nuclear export (Maggi et al. 2008) . NPM1 interacts with a wide variety of proteins, including the centromere-specific histone variant CENP-A (Foltz et al. 2006 ). Centromeres often cluster together and localize to the nucleolus in many species and cell types (Weierich et al. 2003) . The Heun laboratory showed that depletion of NLP, a Drosophila homolog of NPM1, or the Drosophila CTCF insulator protein resulted in de-clustering of centromeres and a decrease in centromere association with nucleoli. Depletion of modulo, the Drosophila homolog of NCL, also resulted in de-clustering of centromeres and disruption of nucleolar structure, making it difficult to determine whether modulo is required for PN positioning. NLP or modulo depletions also resulted in de-repression of several classes of transposable elements, and cells showed signs of genomic instability, including increased double-stranded breaks and lagging chromosomes during mitosis (Padeken et al. 2013) . These data are consistent with the idea that the frequent nucleolar localization of centromeres is functionally important for maintaining a chromatin structure optimal for proper chromosome segregation.
Chromatin assembly factor-1 p150
Chromatin assembly factor 1 (CAF-1) is an evolutionarily conserved complex comprised of three subunits known as p150, p60, and p48 in humans (Kaufman et al. 1995) . CAF-1 was first identified as a factor required for chromatin assembly during in vitro replication of SV40 DNA (Smith and Stillman 1989) . CAF-1 deposits histone (H3/H4) 2 heterotetramers onto replicating DNA, thereby colocalizing with foci of BrdU incorporation during S-phase (Krude 1995) . This histone deposition activity is also important for restoring chromatin structure after several types of DNA damage repair (Gaillard et al. 1996; Green and Almouzni 2003; Polo et al. 2006 ) and for delivery of suitably modified histones for maintenance of heterochromatic silencing (Murzina et al. 1999; Reese et al. 2003; Quivy et al. 2008; Huang et al. 2010) . A recent study from the Kaufman lab found an additional function for CAF-1 that appears unrelated to histone deposition. In this study, mass spectrometry identified several new p150-interacting proteins including nucleolar proteins Ki-67, NCL, and NPM1. Upon depletion of p150 in HeLa cells, NCL, NPM, Ki-67, and several other nucleolar proteins lost their nucleolar localization. In addition, repetitive DNA elements in MCF-10A mammary epithelial cells, including the 5S rDNA, alpha satellite DNA from chromosome 17, and the macrosatellite D4Z4, showed decreased association with nucleoli upon p150 depletion (Fig. 1) . p150 depletion in primary human fibroblasts also reduced the nucleolar association of alpha satellite DNA, suggesting that this phenomenon is not specific to the cancer cell-specific PNC structure. Structurefunction studies demonstrated that the N-terminus of p150 is sufficient to maintain both the nucleolar protein and repetitive DNA associations. These results indicate that this nucleolar activity is distinct and separable from the histone deposition activity of the CAF-1 complex, which requires the p60-and p48-binding sites elsewhere in the protein. This study additionally showed that a sumoylation-interacting motif (SIM) within p150 is required for the association of these repetitive elements (Smith et al. 2014) . Of note, the p150 SIM is also required for the nucleolar localization of Ki-67 (Smith et al. 2014) , another protein which was recently shown to regulate NAD localization (Booth et al. 2014 ).
Ki-67
Ki-67 was first identified as an epitope recognized by a monoclonal antibody raised against nuclei from a Hodgkin lymphoma cell line (Gerdes et al. 1983 ). Since its initial discovery, Ki-67 has been used as a cell proliferation marker in thousands of clinical studies examining growth rates of various types of cancers. Despite this, relatively little is known about the molecular functions of Ki-67. In interphase cells, Ki-67 primarily localizes to the nucleolus (Kill 1996; Cheutin et al. 2003) , is enriched on the 47S rDNA gene (Bullwinkel et al. 2006) , and is required for normal levels of 47S rDNA transcription (Rahmanzadeh et al. 2007; Booth et al. 2014) . In early G1, Ki-67 localizes to distinct foci which colocalize with several different classes of repeats enriched within the NADs, including centromeric alpha satellite, telomeric repeats, and Sat III (Bridger et al. 1998) . A recent study by the Vagnarelli and Earnshaw laboratories (Booth et al. 2014) found that Ki-67 is required for the formation of the human perichromosomal layer, a proteinaceous sheath that coats condensed chromosomes during mitosis (reviewed in (Van Hooser et al. 2005) ). Ki-67 is also required for normal nucleolar association of an rDNA-proximal NAD sequence containing a LacO reporter array (Booth et al. 2014) . Future studies should examine whether the NAD and perichromosomal regulation activities of Ki67 are interrelated.
lncRNAs as regulators of PN structure and function Kcnq1ot1
The Kcnq1 locus in mouse and human cells is regulated through maternal imprinting. While genes within this locus are expressed on the maternal chromosome, the paternal chromosome expresses an antisense lncRNA known as Kcnq1ot1 in order to facilitate silencing of the paternal genes (Pandey et al. 2004 Thakur et al. 2004; Mancini-DiNardo et al. 2006) . In contrast to the paternally derived chromosome, Kcnq1ot1 expression on the maternal chromosome is inhibited due to imprinted methylation of the Kcnq1ot1 promoter (Fitzpatrick et al. 2002) . The Kanduri laboratory discovered that the Kcnq1ot1 locus is often enriched for heterochromatic histone silencing marks in mouse placenta cells, but not in fetal liver cells. In placenta cells, the Kcnq1ot1 locus is also associated with nucleoli twice as frequently as observed in fetal liver cells , supporting the correlation between nucleolar localization and the establishment and/or maintenance of heterochromatin. Another study found that an 890-bp region near the 5′-end of the human Kcnq1ot1 transcript is required for silencing of the other Kcnq1 locus genes. Furthermore, when this silencing domain was inserted into an episomal vector, the vector localized to nucleoli during mid S-phase and a flanking reporter gene was silenced. When the silencing domain was inserted in reverse orientation, the vector failed to localize to nucleoli and the reporter gene was expressed . These results support the hypothesis that the transcribed Kcnq1ot1 lncRNA and not the DNA sequence is required for localization to the PN region and silencing of the vector reporter genes.
Firre
One of the X-linked genes which escapes silencing during X inactivation encodes the lncRNA Firre (Yang et al. 2010) .
Firre is important for long-range chromosomal interactions, interacting with the RNA-binding protein hnRNPU to facilitate localization of the Xi to regions from five different chromosomes (Hacisuleyman et al. 2014) . Firre is also required for normal association of the mouse Xi with nucleoli, as the frequency of PN localization of the X-linked Firre and DXZ4 macrosatellite loci decrease upon depletion of the Firre lncRNA (Yang et al. 2015) . Firre depletion also decreases the enrichment of the heterochromatic silencing mark H3K27me3 on the Xi without decreasing the expression levels of Xist. However, depletion of Firre did not result in significant transcriptional changes on the Xi. Future experiments will be required to distinguish whether these data result from functional redundancy among repressive factors which govern Xi silencing or because transcriptional regulation is not a major functional consequence of NAD localization.
The Firre and DXZ4 loci also feature enrichment of the insulator protein CTCF (Hacisuleyman et al. 2014; Yang et al. 2015) . CTCF depletion decreased PN association of both the Firre and DXZ4 loci, reduced expression of the Firre lncRNA, and diminished levels of H3K27me3 on the Xi (Yang et al. 2015) . Therefore, CTCF may regulate PN localization and silencing of the Xi as both a direct interaction factor (c and d) , the D4Z4 array on chromosome 10q (e and f), or a non-NAD negative control BAC from 10q (Németh et al. 2010) (g and h) . Cells expressed an shRNA directed against luciferase (panels c, e, and g) or CAF-1 p150 (panels d, f, and h). The scale bar is 5 μm in panel (a) and 10 μm in panel (c). Methods, probes, and antibodies described in Smith et al. (2014) and as a transcriptional regulator of Firre expression. Additional studies should explore whether the trans-chromosomal interactions regulated by Firre also localize to the periphery of the nucleolus and are regulated by CTCF.
Concluding remarks: what defines the NADs, and what is their functional significance?
What defines the NADs? One possible determinant of NAD localization is genomic DNA sequence. Primary DNA sequence is likely critical for some classes of NADs, as is the case for 5S pseudogenes, which can associate with the nucleoli independently of RNA polymerase III machinery (Fedoriw et al. 2012b ). However, primary DNA sequence cannot be the only determinant of all nucleolar localization. For example, in the case of Firre-dependent PN localization of the inactive Xi chromosome (Fig. 2) (Yang et al. 2015) , the primary sequences of the Xi must be insufficient for nucleolar association because the Xa chromosome does not localize to the PN region. The discovery that lncRNAs are required for some NAD associations is an exciting development, as over 100, 000 lncRNAs have been annotated in the human genome (Volders et al. 2013) , and the functions of most of these molecules remain unknown. Additional research is required to elucidate how proteins and lncRNAs coordinate NAD-PN interactions. One likely possibility is that the lncRNAs directly interact with nucleolar-targeting proteins, and recent advances in high-throughput RNA-binding protein identification will be instrumental in determining the binding partners for Kcnq1ot1 and Firre (Chu et al. 2015; McHugh et al. 2015) . In the case of Firre, a particularly relevant interacting protein is the RNA-binding protein hnRNPU. hnRNPU binds to Firre and is required for the interchromosomal interactions mediated by Firre (Hacisuleyman et al. 2014) . Another protein of interest, CTCF, binds to both the Firre RNA and DNA (Hacisuleyman et al. 2014; Yang et al. 2015) , and this interaction may be mediated by hnRNPU. Many more contributing factors are likely to be discovered as investigations of these higher-order interactions continue.
What is the functional significance of the NADs? The major question to be answered is whether nucleolar localization affects the biological activities of NAD sequences. Multiple studies have correlated localization of NADs to the PN region with heterochromatin formation and transcriptional silencing (Zhang et al. 2007; Pandey et al. 2008; Mohammad et al. 2008; Fedoriw et al. 2012a, b; Yang et al. 2015) . In the example of the Xi, failure to localize to the PN region during Sphase results in decreased heterochromatic silencing marks (Zhang et al. 2007; Yang et al. 2015) without changes in gene expression at most Xi loci (Zhang et al. 2007) . Likewise, loci which failed to associate with the nucleolus often relocalize to the NL or PC regions and transcriptional silencing is maintained (van Koningsbruggen et al. 2010; Ragoczy et al. 2015) . Together, these data are consistent with the idea that PN localization is one of several functionally overlapping mechanisms for transcriptional repression, although there is a lack of data for a unique role of NAD localization in regulating gene expression. It should be considered that transcriptional regulation may not be the only or even a major outcome of NAD localization to the PN region. In contrast, the data from the Heun laboratory in the Drosophila system points to genome stability as a critical outcome of proper NLP (NPM1) and modulo (NCL) function (Padeken et al. 2013 ). There is precedent for deleterious hyper-recombination phenotypes within the rDNA upon chromatin perturbation in budding yeast (Lindstrom et al. 2011; Cesarini et al. 2012; Ide et al. 2013 ), but these types of events have not been examined in conjunction with NAD analysis in metazoans.
We do not presently understand how NADs migrate among different repressive nuclear regions, nor is it likely that we know all of the proteins and/or RNA factors involved in these transitions. Further study is needed to determine whether and how association of NADs with the nucleolus affects nucleolar structure and function. These questions will be especially challenging to explore because many of the proteins required for NAD localization also regulate rDNA transcription and/or nucleolar structure. For example, CTCF (van de Nobelen et al. 2010; Huang et al. 2013) , NCL (Roger et al. 2002; Rickards et al. 2007; Cong et al. 2012) , NPM1 (Murano et al. 2008) , and Ki-67 (Rahmanzadeh et al. 2007; Booth et al. 2014 ) all regulate rDNA transcription. Likewise, depletion of modulo (NCL) in flies disrupts nucleolar structure as demonstrated by immunofluorescence (Padeken et al. 2013) , and Ki-67 depletion in human cells results in fewer and smaller nucleoli Fig. 2 Schematic of lncRNAs facilitating trans-chromosomal interactions in mouse. The Kcnq1ot1 lncRNA tethers the Kcnq1 locus to the nucleolus , while the lncRNA Firre mediates nucleolar association of the Firre and DXZ4 loci (Yang et al. 2015) . Firre also mediates trans-chromosomal interactions of the Firre locus with 5 other loci, including the Atf4 locus on chromosome 15 and the Ppp1r10 locus on chromosome 17 (Hacisuleyman et al. 2014) (Booth et al. 2014 ). However, not all perturbations necessarily affect all structural aspects of the nucleolus. For example, depletion of CAF-1 p150 causes mislocalization of multiple nucleolar proteins (Smith et al. 2014 ) but does not appear to alter the macrostructure of the rDNA (videos 1 and 2). Therefore, it remains to be determined whether the structure or function phenotypes observed in the depletion of these proteins is caused by mislocalization of NADs or merely correlated with it, and mutations that separate these functions will be required to assess this.
Understanding the structure of the genome is critical for understanding human disease, as many diseases are dependent upon genomic three-dimensional structure (reviewed in (Misteli 2010) ). For example, translocations are associated with a variety of different cancers, and these translocation events occur most frequently between genomic elements in close proximity to one another (Zhang et al. 2012 ). This has been particularly well documented in the case of ABL-BCR translocations that drive chronic myeloid leukemia, because the BCR gene on chromosome 9 is often found in close proximity to the ABL gene on chromosome 22 in hematopoietic cells (Lukášová et al. 1997; Neves et al. 1999) . Although the periphery of the nucleolus is a small fraction of nuclear volume, many higher-order chromosomal interactions occur there. Discovering the extent to which this organizational hub is coordinated with other nuclear elements will be critical in comprehending the three-dimensional structures of metazoan genomes and how these structures are perturbed in disease states.
